Abstract-Noninvasive quantification of regional arterial stiffness, such as measurement of the pulse wave velocity (PWV), has been shown to be of high clinical importance. Pulse wave imaging (PWI) has been previously developed by our group to visualize the propagation of the pulse wave along the aorta and to estimate the regional PWV. The objective of this paper is to determine the feasibility of PWI in the human carotid artery in vivo. The left common carotid arteries of eight (n = 8) healthy volunteers (male, age 27 ± 4 years old) were scanned in a long-axis view, with a 10-MHz linear-array transducer. The beam density of the scan was reduced to 16 beams within an imaging width of 38 mm. The frame rate of ultrasound imaging was therefore increased to 1127 Hz at an image depth of 25 mm. The RF ultrasound signals were then acquired at a sampling rate of 40 MHz and used to estimate the velocity of the arterial wall using a 1-D cross-correlationbased speckle tracking method. The sequence of the wall velocity images at different times depicts the propagation of the pulse wave in the carotid artery from the proximal to distal sides. The regional PWV was estimated from the spatiotemporal variation of the wall velocities and ranged from 4.0 to 5.2 m/s in eight (n = 8) normal subjects, in agreement with findings reported in the literature. PWI was thus proven feasible in the human carotid artery, and may be proven useful for detecting vascular disease through mapping the pulse wave and estimating the regional PWV in the carotid artery.
I. Introduction a ortic stiffness has been proven to be a strong independent predictor of all-cause and cardiovascular mortality, primary coronary events and fatal stroke in hypertensive patients [1] [2] [3] , cardiovascular and all-cause mortality in end-stage renal disease [4] and in type 2 diabetes and glucose-tolerance-tested multiethnic population [5] , recurrent acute coronary events in patients with ischemic heart disease [6] , and coronary heart disease and stroke in a general population [7] .
Various indices have been introduced to quantify arterial stiffness [8] [9] [10] [11] . These include arterial distensibility, arterial compliance, Peterson's elastic modulus, young's elastic modulus, stiffness index (β ), and pulse wave velocity (PWV). among these, PWV is "the most hallowed (and still probably the best)" measure of arterial stiffness [9] . The European society of Hypertension and the European society of cardiology have recently recommended the use of the carotid-femoral pulse wave velocity as a favored measure of aortic stiffness for the management of arterial hypertension [12] .
Pulse waves are flow velocity, pressure, and diameter waves generated at the ejection phase of the left ventricle [13] . In an idealized model, the propagation speed of the wave, i.e., the PWV, is directly related to the young's modulus of the artery [13] . a higher PWV is associated with a stiffer artery. The PWV has been measured through a flow velocity wave, pressure wave, or diameter wave. In the conventional foot-to-foot method, i.e., the current gold standard, the waveforms at two measurement points in the arterial tree (typically, at the common carotid and femoral arteries) are obtained [8] , [13] . The PWV is calculated as the distance between two measurement points divided by the time shift of the waveforms at the two points. despite the simple definition of PWV, some problems in the methodology still remain, thus limiting the interpretation of available findings and the general applicability of the PWV measurement.
The accuracy of PWV measured from the foot-to-foot method suffers from errors of distance measurements and time-delay measurements [14] , [15] . It is difficult to measure small time shifts, because the pulse wave travels very fast (on the order of several meters per second). a large time shift over a relatively long distance (e.g., between the common carotid and femoral arteries) is thus needed for reliable measurements. Therefore, the PWV measured represents a global and average value between two measurement sites. However, the stiffness of the arteries is nonuniform along the vasculature [13] . It is known that the stiffness of the arteries, and thus PWV, increase from the proximal to the distal regions [13] . In addition, the distance measurement is based on the assumption that the arterial wall does not change its geometry between the two measurement points, which may not always hold [8] . large errors in the distance measurement may also increase when the two measurement points are far away because the arteries between these two points may not necessarily be uniform or straight, especially in aged subjects and patients with vascular diseases. Moreover, these points may not always lie along the path of travel of the pulse wave [16] . In the carotid and femoral arteries, for example, the pulse wave travels in opposite directions. Therefore, measurements of regional PWV, instead of global PWV, can be of great interest.
several medical imaging-based methods have been previously developed for noninvasive measurements of regional PWV, mainly using magnetic resonance imaging (MrI) [17] [18] [19] [20] [21] and ultrasound [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Pulse wave imaging (PWI) was developed by our group as an ultrasound-based method for both qualitative visualization of the pulse wave propagation in real time [32] and quantitative estimation of regional PWV in both mice and human abdominal aortas [33] [34] [35] [36] [37] . one advantage of PWI over other PWV estimation methods is that the propagation patterns of the pulse wave can be visualized, in addition to obtaining a single PWV value. This information can be very useful for diagnosis of local vascular diseases such as abdominal aortic aneurysm (aaa), as previously demonstrated by our group [35] . PWI has been validated with finite-element simulations [38] , phantom experiments using mechanical testing [37] , and healthy subjects using applanation tonometry [39] . Previous work on PWI has mainly been reported on the normal abdominal aorta and aaa. In this paper, the feasibility of this method in the human carotid artery is demonstrated in healthy volunteers. Estimation of the regional stiffness of the carotid artery is of great clinical interest. For example, carotid artery atherosclerosis may lead to plaque rupture and eventually to stroke [40] . It is known that this geometrically focused disease is associated with regional changes in mechanical properties of the carotid artery such as stiffness, resulting in changes in the PWV [41] .
II. Methods

A. Data Acquistion
as shown in Fig. 1(a) , the longitudinal (long-axis) view of the left common carotid arteries of eight (n = 8) young healthy male subjects (age: 27 ± 4 years old) in the supine position was scanned using a sonixToUcH system (Ultrasonix Medical corp., Burnaby, Bc, canada) and a l14-5/38 linear array operating at 10 MHz. This study was approved by the Institutional review Board (IrB) of columbia University.
The image depth was fixed at 2.5 cm. Because the pulse wave travels at such a high speed (about 5 m/s), a high frame rate was necessary to visualize its propagation and estimate the PWV. By reducing the beam density in the ultrasound B-scan image from 128 to 16 beams with an image width of 38 mm, the frame rate of the ultrasonic images was increased from 140 to 1127 Hz, deemed to be sufficient for imaging of the pulse wave propagation [42] . The rF signals were digitized at a sampling frequency of 40 MHz. Before each data acquisition using 16 beams, B-mode images at a regular beam density (128 beams) were also acquired at a frame rate of 140 Hz for a duration of 0.2 s. The high-beam-density acquisition provided the reference B-mode image useful for segmentation of the anterior (near) wall of the carotid artery. The acquisition of high-beam-density images was immediately followed by 2.5 s of low-beam-density acquisition at nearly the same view, which generally included two cardiac cycles. a full acquisition (combining both high and low beam densities) lasted about 3 s, during which the subject was asked to hold his breath. about 5 acquisitions were performed to include approximately 10 cardiac cycles for each subject. The total time of acquisition was less than 20 s for each subject.
B. Data Processing
The incremental (interframe), axial displacements were estimated offline from the rF signals using 1-d normalized cross-correlation-based, real-time motion estimation method [32] . The window size was equal to 1.2 mm with a 75% overlap. The rigid motion induced by respiration and/or probe movements was removed by subtracting the displacements of the tissues located in the near field and at least 5 cm away from the arterial wall from the displacements of the carotid artery. The wall velocities were obtained by multiplying the estimated incremental displacements by the frame rate. The distance between the leftmost and rightmost beams is Δx. The time delay between these two frames is Δt, equal to N/(frame rate). The true propagation time of the pulse wave is Δt − τ 12 , and the true PWV is Δx/(Δt − τ 12 ), where τ 12 is the time delay between the leftmost and rightmost beams resulting from beam sweeping. Without correction, the propagation time of the pulse wave is estimated as Δt (i.e., overestimated), and the PWV is estimated as Δx/Δt (i.e., underestimated).
The estimated wall velocities were color-coded and overlaid onto the 2-d grayscale B-mode images acquired at a standard beam density (128 beams). only the velocities on the anterior carotid wall and the peri-carotid tissue were shown for better visualization, i.e., after separation from lumen estimations. The anterior carotid wall was manually traced from the B-mode image at a regular beam density configuration. The sequence of wall velocity images was generated to form a ciné-loop.
The wall velocity variation with distance and time of the pulse-wave propagation was shown in a 2-d image, depicting the spatiotemporal variation of the pulse-wave propagation. The distance was calculated through manual tracing and was not necessarily equal to the image width because the carotid artery did not necessarily lie along the horizontal direction on the image. on the 2-d spatiotemporal images, the foot (i.e., fiduciary point) of the wall velocity waveform was defined as the inflection point, at which the temporal derivative of the velocity (i.e., wall acceleration) attains its maximum before the peak velocity. The temporal derivative was calculated from the wall velocity waveform by using a 7-point low-pass savitzky-Golay digital differentiator based on a piecewise least-square linear fitting [43] . The time of the foot (after beam-sweeping correction, described subsequently) was plotted against the distance traveled by the pulse wave. a linear regression fit was applied on the time-distance plot. The PWV was calculated as the reciprocal of the linear regression slope. The average PWV of each subject was then calculated from about 10 cardiac cycles.
The period of ultrasound beam sweeping was on the same order of magnitude as the time of pulse wave propagation. The beam sweeping period is equal to the inverse of the frame rate (i.e., 1127 Hz). In this study, it is equal to 0.89 ms. at an average PWV of 4.5 m/s, the time of pulse wave propagation across a 38-mm region is 8.4 ms. In this study, the direction of beam sweeping was always opposite to the direction of pulse-wave propagation. This configuration artificially increased the duration of pulsewave propagation detected by PWI [Figs. 2(b) and 2(c)]. Beam sweeping induced artificial time delays between two successive lines that had to be corrected to ensure accurate PWV estimation. such a correction was performed in the PWI acquisitions used here by subtracting the artificial time delays from the time delays detected by PWI.
III. results Fig. 2(a) is the B-mode image acquired with a high beam density (128 beams). Figs. 2(b)-2(d) show the wall velocity image of the carotid artery of a healthy volunteer (no. 5 in Table I ) at different time instants, with a time interval of 3.5 ms (i.e., 4 frames). When the pulse wave arrives, the anterior wall undergoes upward motion while the posterior wall (i.e., far wall) undergoes downward motion (not shown). The arrows indicate the propagation of the pulse wave from the proximal (left, closer to the heart) to the distal (right, closer to the brain) sites along the carotid artery. Fig. 3(a) illustrates the spatiotemporal variation of the wall velocity in the carotid artery. The horizontal axis represents time; the vertical axis represents the longitudinal positions of the carotid artery (i.e., distance from the proximal to distal regions) associated with different ultrasound beams. The circle indicates the fiduciary point, or foot, of the pulse wave at different longitudinal positions. The time delay between wall velocities at different positions is observed in Fig. 3(a) . The amplitude of the downstream waveform is slightly larger than that for the upstream waveform [ Fig. 3(a) ]. This is mainly due to wave reflection in the upstream case [13] .
The wall velocity waveforms in Fig. 3 (c) are taken at three locations (a, B, and c) as indicated in Fig. 3(a) . The inset in Fig. 3(c) shows the magnified waveforms near the time of pulse wave arrival. The time delay between wall velocity waveforms resulting from the propagation of the pulse wave is evident in Fig. 3(c) . similar to Figs. 3(a) and 3(c), Figs. 3(b) and 3(d) show the spatiotemporal variation of the wall acceleration in the carotid artery and wall acceleration waveforms at the three locations, respectively. The propagation of the pulse wave can also be observed in Figs. 3(b) and 3(d) .
From the spatiotemporal images of the pulse-wave propagation (Fig. 3) , the time occurrence of the foot of the pulse wave is obtained at each beam position and shown in a scatter plot in Fig. 4 . The vertical axis represents the relative time of the pulse wave, i.e., the time of peak velocity occurrence relative to the arrival time on the leftmost edge of the B-mode image. The horizontal Table I shows the results obtained in all eight (n = 8) subjects. In the case of each subject, the average value and sd are calculated from approximately 10 cardiac cycles. The coefficient of variation (cV, defined as the ratio of the sd to the average PWV) ranges from 7 to 11%. The PWV in eight subjects ranged from 4.0 to 5.2 m/s. The correlation coefficient of the linear regression remains higher than 0.90 in all cases.
IV. discussion
The carotid artery supplies oxygenated blood to the brain. quantification of its stiffness information, such as measurement of the PWV, may be useful in the early diagnosis and characterization of vascular diseases such as carotid artery atherosclerosis. The conventional footto-foot method of the PWV measurement provides the average and global PWV between the carotid and femoral arteries. Estimation of the regional PWV may prove to be very helpful as a clinical biomarker.
PWI is a noninvasive, ultrasound-based method for visualization of the pulse wave propagation and quantitative estimation of regional PWV. In this paper, the feasibility of this technique in the carotid artery was shown in healthy subjects. From the sequence of wall velocity images (Fig. 2) and spatiotemporal variation of the wall velocities (Fig. 3) , the propagation of the pulse wave along the carotid artery can be observed. The regional PWV estimation was obtained from a linear regression fit applied to the spatiotemporal variation of the pulse wave (Fig. 4) . The measurements of the PWV in 8 healthy subjects (4.0 to 5.2 m/s) were in agreement with findings in the literature (4 to 6 m/s) [23] , [31] , [44] , [45] .
In the data acquisition, we first performed a 0.2-s highbeam-density acquisition, which provided the high-resolution reference B-mode image. The expansion of the artery causes a change of the region of the anterior (near) wall in position. In this study, the phase of the period of 0.2 s is arbitrary because we did not use EcG to trigger the data acquisition. However, the radial position of the anterior wall is not important in this study for several reasons. First, the movement of the arterial wall is relatively small. second, the surrounding tissues moved together with the arterial wall. Therefore, the velocities in both the anterior carotid wall and the peri-carotid tissue were shown in Fig. 2 . Third, the lateral position of the pulse wave (i.e., distance in Figs. 3 and 4) at a given time point is more critical in the PWV estimation. By assuming no or small lateral movement of the arterial wall, the lateral position was not affected by the expansion of the artery.
only the velocity of the anterior wall was considered in this paper. When the pulse wave arrives, both the anterior and posterior walls of the carotid artery move outward radially, thus increasing the diameter of the artery. as a result, the anterior (near) wall undergoes an upward motion (Fig. 2) while the posterior (far) wall undergoes a downward motion (not shown). By subtracting the posteriorwall displacement (or velocity) from the anterior-wall motion, the distension (or distension velocity) waveform can be obtained, as other research groups have reported [23] , [44] . In this study, however, the geometry of the carotid artery is not always horizontal throughout the image or along the lateral beam direction. In other words, the anterior and posterior walls along the same ultrasound beam locations are not necessarily within the same cross-section of the carotid artery. Therefore, their velocity waveforms may not be in phase during pulse wave propagation. To avoid any assumptions that must be made regarding the orientation of the carotid artery, as is done in other studies, only the anterior-wall velocity was considered in this study. However, the velocity of the anterior wall can still be affected by the rigid motion induced by respiration or probe movement. Therefore, in this study, the subjects were asked to hold their breath and the probe was held still. any remaining rigid motion induced by respiration was further minimized by subtracting the motion of the tissues located in the near field from the motion of the carotid artery. If significant rigid motion was still observed in the wall velocity images (Fig. 2) or spatiotemporal maps [ Fig. 3(a) ], those data were discarded in the estimation of PWV. longitudinal movement of the carotid artery was not considered in this study. In the estimation of the time delay caused by pulse wave propagation, the phase of the wall velocity waveform was more important than its amplitude. For this reason, the longitudinal movement was expected not to significantly affect the estimation of time delay. However, the longitudinal translation will impact the distance measurement and thus the PWV estimate. This is, therefore, a limitation of this method.
The beam density was reduced to 16 beams to sufficiently increase the frame rate to accordingly map the propagation of the pulse wave. When a faster PWV is presented, such as in diseased carotid arteries, a higher frame rate is required to maintain the same accuracy of PWV estimation. at a given depth, the frame rate is inversely proportional to the beam density. The frame rate can be further increased if an even lower beam density (e.g., 8 beams) is used. at higher frame rates, the foot of the pulse wave can be easier to detect. In other words, the time delay between wall-velocity waveforms at different locations is larger in terms of frames and therefore can be estimated more accurately. However, the cost is the lower beam density and lateral resolution of the images. In addition, the PWV is estimated from the reciprocal of the slope of the linear regression fit. The reliability of the PWV estimation thus depends on the number of points in the linear regression fit. If fewer sample points are available, the linear regression fit does not have the required number of samples and becomes less reliable. a smaller number of data points (i.e., a lower beam density in this study) may increase the variation of the PWV estimation. In our preliminary comparison, the beam density of 16 beams provided a good tradeoff. However, the fundamental dependence of the upper limit of PWV on the frame rate and the optimum beam density for the lowest variation of the PWV estimation must be justified qualitatively and are currently being investigated in an ongoing parametric study with phantom experiments [46] .
The foot of the wall velocity waveform was defined as the inflection point in the systolic phase, corresponding to the aortic valve opening. There are various definitions of the foot in the literature [26] , [47] , [48] . Hermeling et al. have recently shown that the dicrotic notch (also indicated in Fig. 3 ), which coincides with the aortic valve closure, provides a more robust measurement of the PWV than the systolic foot, as the latter can be influenced by the early wave reflection [44] . For the purpose of this feasibility study, only the systolic foot was considered. as shown in the spatiotemporal images of the wall velocities (Fig.  3) , the forward and reflected waves are clearly separated, thus confirming the applicability of the use of systolic foot. However, a more thorough study on the quantitative comparison of different definitions of foot is warranted.
In addition to the PWV estimate, the propagation patterns of the pulse wave can be visualized with PWI. The high correlation coefficients of the linear regression fit (Table I) demonstrates the high quality of the regression fit and uniformity of the biomechanical proprieties of the common carotid arteries in healthy subjects. The uniform propagation of the pulse wave can also be observed in the sequence (Fig. 2) and the ciné-loop (not shown) of wall velocity images.
For the purpose of this feasibility study, only a limited number of healthy subjects were included in this study. In subsequent studies, we will test the capability of PWI in noninvasive characterization of local carotid disease such as carotid artery atherosclerosis and in the assessment of regional vascular damage caused by hypertension.
V. conclusion
The feasibility of PWI in the human carotid artery was demonstrated in this paper. By reducing the beam density to 16 beams in a 38-mm-wide imaging window, the frame rate was increased to 1127 Hz, more than sufficient to image the propagation of the pulse wave and to estimate the regional PWV. The anterior wall velocity of the carotid artery was estimated from ultrasound rF signals. The regional PWV was then quantitatively estimated from the linear regression fit applied to the time-distance relationship of the pulse wave. The PWV in 8 healthy subjects was found to range from 4.0 to 5.2 m/s, which is in line with the values reported in the literature. The PWI method may thus provide important information on the distribution and quantification of the regional arterial stiffness of the human carotid artery, noninvasively and in vivo.
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